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Introduction
Time development of scour in uni-directional flow conditions has been well studied (e.g. Hoffmans and 115 Verheij, 1997). Sumer et al. (1992) and Melville and Chiew (1999) 
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where U/Uc is the flow intensity, D is cylinder diameter, and h is water depth. They also provided a 123 prediction of the time evolution of scour depth:
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where dsce is the equilibrium scour depth. The development of scour for live-bed conditions may be 128 predicted using the method of Sumer et al. (1992) :
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The term te was determined empirically as 
136
where s is the specific gravity of the sediment and u* = √(τb/ρw) the shear velocity, d = mean sediment 137 particle diameter, where τb is the bed shear stress -calculated using the TKE method (e.g. Kim et al. 2000) 138
and ρw is the density of water.
140
However, there remains significant uncertainty regarding the development and equilibrium depth of scour 141 holes around cylindrical obstacles, such as wind turbine monopiles, in tidal flows. The study reported here
142
was carried out to address this. In particular, it explores the effects on scour hole development of 143 simultaneous changes in flow depth and speed through the tidal cycle, thereby expanding on previous 144 studies which have separated out speed and depth effects (Escarameia and May 1999) or idealized tidal 145 flow using a square-wave pattern (Jensen et al. 2006 ).
147 148

Methods
150
A series of laboratory flume experiments was conducted in The Total Environment Simulator Tank at The 
170
Runs of the experiment were carried out under both unidirectional and reversing flow conditions. The
171
reversing current was designed to approximate a sinusoidal, non-progressive (standing wave) tide, each 172 tidal half cycle being approximated in three time-steps, as illustrated in Figure 5 . The flow speed and depth
173
in each time step were derived from a prototype tide, based on measurements from the British
174
Oceanographic Data Centre taken in Liverpool Bay, UK, the location of several existing and proposed 175 offshore wind farms. A sample of this data is shown in Figure 6 . 
195
= ℎ/ was greater than 10 4 , and thus fully turbulent, in both model and prototype (Hughes, 1993) .
197
200 201
Due to the well-known difficulty of geometrically scaling sediment particle size (e.g. Ettema et al. 1998 ),
202
the flow speeds used were raised above those given by Froude scaling to attain similitude in the flow 203 intensity (U/Uc), resulting in the flow speeds given in Table 1 . Such values lead to relatively large current 204 speeds when scaled up to the prototype. Uc was calculated following Melville (1997 
211
R dissimilitude is not likely to have a significant effect on the local scouring process. Moreover, from 
215
which RD ~ 0.2 throughout). Therefore, the separation regimes of both the model and prototype exhibit
216
similar St values, suggesting a similar rate of sediment transport out of the system. Hence, it is assumed that the scale effect in the cylinder boundary layer will be minimal.
219
The reversing current test was simulated for two full tidal cycles, a total of 12 time steps, referred to as 
229
The unidirectional test was run as a control. 
254
Velocity profiles were measured 3 m away from the cylinder in both longitudinal directions, using Acoustic
255
Doppler Velocimeters (ADVs), to ensure that velocity profiles were well-developed at both ends of the 
268
Full bed profiles on either side of the cylinder were made at the end of each full test using a Leica Disto 269 laser distance measurer. This was mounted on a rig that allowed sampling from x′ = 6.75 to −6.75 and y′ = 270 2 to -2 on both sides of the cylinder. 282 283
284 285
where C1 is a constant of proportionality, which is given the value 0.19, following Soulsby, (1986) and Kim
286
et al. (2000).
288
In the centre-plane on the A side, scour is recorded after approximately 20 minutes at x′ = 0.325, as the hole 
292
The rate of scour near the cylinder (x′ ≈ 0.325) increases significantly during live-bed conditions (TS2, 
300
During TS3, the changes in scour depth were negligible. Scour in the lateral planes developed 
305
Figure 10a-c shows scour hole development during TS4-6 in which the current direction is reversed, so the
306
A and B sides become downstream and upstream respectively. As in TS3, TS4 shows negligible change in 307 scour depth in the centre-plane.
309
During TS5, the rate of scour is similar on both sides of the cylinder. Scour in the A plane is delayed 310 particularly at x′ = 0.325 where, after five minutes, the scour depth has decreased by ~0.025D (Figure 10b ),
311
before increasing to 0.375D. Deposition in the B plane at x′ = 1.325 increases to 0.09D. This is due to the 312 large increase in scouring on the upstream side resulting in significantly more suspended sediment in the 313 wake for TS5 which is deposited at this location.
315
The downstream (A) side scour depth increases significantly to 0.08 m, and extends beyond x′ = 1.325.
316
During the sixth time step (TS6) the scour hole exhibits the same asymmetrical, elongated shape, with a 
352
However, infilling is quickly replaced by scouring during these time-steps, resulting in a net increase in 353 scour depth. These observations imply that the effect of infilling on scour time-development is both a delay
354
to the onset of scour and a reduction in scour depth.
356
The rate of measured scour due to the variable reversing flow decreases with time ( Figure 13 ). 
364
The best-fit exponential curve to the observed data is shown in Figure 14a , and extrapolated to equilibrium
365
(equilibrium as defined by Melville and Chiew 1999, see above), which is reached at ≈ 5400 minutes (i.e.
366
90 hours), in Figure 14b . Clearly this extrapolation is only approximate due to the lack of data beyond 5.5 367 hours (the two full tidal cycles tested).
369
Comparison of Time-Development of Scour with Predictions and Unidirectional Data
371
The predictions of the time evolution of scour using (2) for the transition and clear-water time development 
378
The time-development of scour at Probes 1, 4, 7 and 10 is plotted in Figure 15a together with these 379 predictions. Figure 15b shows the curves predicted using same equations, but using the final measured 380 depth (0.59D) as the equilibrium scour depth. Figure 15a shows that the changes in current velocity, depth and direction influence the rate of scour. 
382
404
In Figure 15a , the scour depth for the transition flow regime (low-tide) predicted by (2) appears to 405 overestimate the measured scour rate initially, while the measured depth remains significantly lower
406
throughout. This is probably due to a combination of the probe location being 6.5 cm from the cylinder, a 407 slower rate of scour, and perhaps a lower dsce (as will be discussed in greater detail below). The predicted 408 rate of scour using (2) and (3) matches the measured data in the first tidal cycle, though the individual 
424
Equilibrium Scour Depth under Variable Reversing Currents
426
The equilibrium scour depth in the variable reversing current test is lower than that in the unidirectional 427 test, and those predicted by the models. The CSU equation (8) predicts an equilibrium scour depth of 428 1.15D. The extrapolation of the exponential curve fitted to the data in Figure 14 gives dsce < 0.6D,
429
indicating that equilibrium scour depth in these experimental conditions is significantly over-estimated by 
458
Of the two differences between the tidal and unidirectional flow conditions -changes in flow velocity and 
477
Clearly, the tidal scour hole is significantly shallower than the unidirectional scour hole.
479
After one full cycle of variable reversing flows, the scour hole has developed sufficient depth for it to retain 
505
While there is minimal change in the depth and scour hole orientation during TS4, once TS5 begins, the 
513
The scour hole at the end of the two full tidal cycles is more symmetrical than was found under 514 unidirectional flow conditions. The finding that scour development in the variable reversing test take longer 515 needs validation through further tests. Such tests should be run to equilibrium. This would allow more 516 accurate extrapolation to prototype conditions.
518
The rates of scour predicted by some of the widely-used equations for unidirectional flow are different 519 from those measured here, mainly due to problems of estimation of the time-scale needed for the 520 development of the equilibrium depth. As the flow conditions change over each tidal cycle, so does the rate 521 of scour (or infilling), and this is not accounted for in the equations considered above.
523 524
Conclusions
526
This paper presents results of an experimental investigation into the development of scour under variable 527 reversing currents. The scaled tide was divided into half-cycles, each of which was resolved into three 528 time-steps in which flow speed and depth were constant. At the end of each half-cycle the flow direction 529 was reversed and a symmetric second half-cycle began. The test ran for a total of four half-cycles.
531
The rate of scour was found to change over each half cycle, as the flow regime varied from live-bed to 532 transitional to clear-water regimes and vice versa under the reversed flow condition. During the first half-533 cycle, the scour hole shape was analogous to that generated by a unidirectional current. In the second half 534 cycle, the reversal of current direction both delayed the continuation of scour and caused the scour hole to 535 become more symmetrical. This symmetry persisted throughout the remainder of the test. Changes in scour 536 depth and shape in the third half-cycle were significantly smaller. The fourth half-cycle had little effect,
537
with the hole maintaining a symmetrical shape and the scour depth stabilising.
539
Overall, the equilibrium scour depth found in the variable reversing current conditions used in this test was 540 lower than that predicted by existing equations (which are derived from unidirectional current 541 measurements) or measured in 'square-tide' experiments. Thus, extrapolating these findings to prototype 542 scale suggests that the amount of scour protection required and therefore the costs of scour protection could 543 be reduced. Despite the special care taken in design of the experiment to present plausible field conditions 544 and fulfil the scaling laws for flow properties and sediment transport, the simplifications made in the 545 experiment as well as laboratory effects would affect the scour hole shape, depth and time development.
546
Hence it would not be appropriate to derive practical guidelines solely on the data of this experiment. The 547 key finding from these experiments is that they demonstrate that changing flow direction and intensity will 548 affect the final scour hole depth and its time-development. Furthermore, these data can be used for 549 validation of the numerical models which can then be applied to test different prototype flow conditions.
550
Future experiments should consider a constantly changing tidal current depth, speed and direction as well 551 as the case of combined wave and current action on the scour development. Step One
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